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[001] RELATED APPLICATION 

[002] The present application is related to another application, entitled CONNECTION 

PACKAGE FOR HIGH-SPEED INTEGRATED CIRCUIT, Application No. , 

filed concurrently on even date, and also assigned to the Assignee of the present invention. The 
related application is incorporated by reference herein. 



[003] FIELD OF THE INVENTION 

[004] The present invention relates to packages for high-speed integrated circuits, and 

more particularly relates to the transmission structures for connecting to high-speed integrated 
circuit chips for optical/electronic and wired/wireless communications. 



[005] BACKGROUND OF THE INVENTION 

^ [006] In optical/electronic and wired/wireless communications, it is increasingly 

CJ Qommon to communicate using signals with frequencies well into the ranges of a few GHz or 

tens of GHz. For example, for OC-192/STM-64 optical transmission, the frequency range may 
"^^^ be 9 GHz to 14 GHz. For OC-768/ST1VI-256 optical transmission, the frequency range may be, 
|.i for instance, from 20 GHz to 50 GHz. For the third-generation cellular technology, the 
iZ frequency range of interest may be between 1.885 GHz and 2.2 GHz and even into 5 GHz with 

the 802. 1 1 standard. As a result, integrated circuits ("ICs") suited for these high-speed 
u applications are now becoming more in demand than before. 

[007] Before these high-speed ICs can be placed onto a printed wiring board ("PWB") 

or printed circuit board ("PCB"), they need to be packaged either as a single chip, or as a multi- 
chip module. In addition to providing ease of handling and installation, the primary function of a 
package is one of dimensional transformation. While at the chip level, the input/output ("I/O") 
pad size and spacing are in the order of approximately 3 to 5 mils, the same dimensions at the 
PWB level are typically 10 to 40 mils. At frequencies below 1 GHz, fanning out using short 
transmission lines can generally accomplish this objective. As the operating frequency of the 
chip approaches 10 GHz or higher, the task of dimensional transformation needs to be 
accomplished, while maintaining the characteristic impedance of the overall transmission 
pathway. 
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[008] Figure 1 illustrates a simplified diagram for an exemplary conventional device 

package. This exemplary package 100 may be a demultiplexing ("demux") device for optical 
communication, where an input data signal is demultiplexed into multiple lower-speed data 
signals. This package typically contains a single-layer Alumina (AI2O3) substrate 110 with a 
typical thickness of 10 mils, an integrated circuit die 120 residing in a recess 130 formed on the 
surface of the substrate, and transmission structures 140 on the substrate. The transmission 
structures, commonly called microstrips, behave preferably like 50-ohm signal transmission lines 
suitable for high-speed devices. The microstrips are wire-bonded 135 to the signals pads 136 on 
the die 120, and connected to the lead terminals 150 of the package. For high-speed signals, such 
as clocks and high-speed data signals to a demux device, the microstrip dimensions are further 
restrained by how they are connected to the external I/O terminals 150. High-speed signals in 
the ranges of 20-50 GHz may need to be connected using small coaxial connectors, such as the 
GPPO connectors manufactured by Gilbert Electronics. These coaxial connectors typically have 
a 30 mil overall diameter with a 10 mil conductor core. A good microwave transition occurs if 
the diameter of the conductor core is compatible with the width of the microstrip and the 
thickness of the substrate 1 10 matches with the width of the annular ring dieletric ring in the 
connector. This matching takes place if, for example, a substrate thickness of 10 mils and a 
microstrip width of 10 mils are selected. On Alumina such a microstrip line has a characteristic 
impedance of 50 ohms. However, a microstrip of this width caimot be supported at the die side, 
due to the dimension and location requirements of the signal pads on the die. 

[009] To maintain the 50-ohm characteristic impedance, the width of each of the 

transmission structures 140 needs to be aroimd 10 mils wide for a 10-mil thick Alumina 
substrate, and the spacing between the transmission structures 140 needs to be at least 10 mils in 
order to maintain 10% impedance accuracy and minimize cross talk. The constraints on width 
and spacing of the transmission structures 140 on the substrate limit the density of the signal 
pads 136 on the die. In this instance, the signal pads cannot be placed closer than 20 mils center- 
to-center. For low speed or low I/O-count devices, the spacing is typically not a problem 
because one either does not need to have 50 ohms lines on the package leading to the die or the 
low I/O count allows sparse spacing of the pads on the die to accommodate the spacing of 
transmission lines on the package. 

[010] For high speed and high I/O-count dies, such a wide pad spacing as dictated by 

the package is clearly not acceptable. For example, a demux device, such as the one used for 
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OC-768/STM-256 transmissions, may support 16 data signals, or 32 signals when differential 
' signals are utilized. Each of the 32 signals requires a bonding wire connection from the die's 

signal pad to the substrate and a microstrip connection from the substrate to the lead terminals at 
the perimeter of the package. As can be appreciated by those skilled in the art, in order to 
minimize cost, die size is always kept to a minimum thus resulting in limited perimeter allocated 
for signal pads and the necessary separation between them. Generally it would be desirable to 
have signal pads that have 3-5 mils center-to-center spacing. If the microstrip is too wide (e.g., 
20 mils center-to-center), it encroaches upon its neighboring microstrips, thus forcing others out 
of alignment with their corresponding signal pads on the die. 

[Oil] Further, the connecting structures for the high-speed signals need to maintain a 

50-ohm impedance continuity from the connector to the pad. However, when wire bonds are 
applied to connect the signal pads to their corresponding microstrips, a discontinuity is created 
O that disrupts the 50-ohm impedance environment, due to the parasitic capacitance in the pads and 
the parasitic inductance in the wire bonds themselves. 

p 1012] Therefore, while it is desirable to be able to dimensionally transform the width of 

■^f the high-speed transmission lines from the die side to the package connector side, it is also 
-a desirable to be able to maintain the 50-olim impedance continuity for the connecting structure at 
all points for the very high frequencies. 

I [013] The same challenges also confront another version of the connection package, 

known as Ball Grid Array ("BGA"). EGAs are packages with I/Os dispersed in a two- 
dimensional rectangular array of solder balls. Such a package is then mounted to the printed 
wiring board by a solder reflow process. One of the advantages of a EGA package is that with a 
2-dimensional I/O array, it can accommodate a large number of I/O signals. However, a EGA 
package also requires some, if not all, signals to pass through a multi-layer substrate, thus 
complicating the task of dimensional transformation and impedance continuity. 

[014] 

[015] SUMMARY OF THE INVENTION 

[016] Methods and apparatus for packaging high-speed integrated circuits in optical, 

electronic, wired or wireless communications are disclosed. The connection package achieves 
dimensional transformation of signal routes from the IC's input/output pads to the external 
terminals such as coaxial terminals and EGA balls, while maintaining constant characteristic 
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impedance throughout the transmission lines. In accordance with one embodiment of the present 
invention, the connection package includes a substrate for positioning the IC, microstrips for 
communicating from the IC's pads to the external terminals. At least a pair of the microstrips, 
such as the differential signals of the IC, can be positioned closer to each other so that a portion 
of the differential pair becomes capacitively coupled. Such coupled capacitance allows the width 
of the differential microstrips to be reduced so that they can accommodate the spacing 
requirements imposed by the signal pads on the IC. Further, to achieve impedance continuity, a 
portion of the coupled microstrips near the die is widened to increase the capacitance so that the 
overall transmission path can become an all-pass network - from the signal pad, through the 
bonding wires, to the microstrip. For the rest of the portions of the microstrips, they can be 
tapered and fan out to their respective extemal connectors. 

[017] In accordance with another embodiment of the present invention, a connection 

f J package for high-speed integrated circuits with a multi-layer substrate is disclosed. The multi- 
^ layer package includes a substrate, at least one coaxial extemal terminal for communicating a 
sS high-speed signal to or from the IC, an array of terminals for communicating lower-speed signals 
^1 to or from the IC, microstrips formed on the substrate to connect the high-speed signal to the 
4^ coaxial terminal, microstrips formed on the substrate to connect the lower-speed signals to the 
array of terminals, and inter-layer connections formed within the substrate. The microstrip for 
connecting the high-speed signal to the coaxial terminal can have its dimension successfully 
flj transformed by controlling its space, and hence the capacitance, to groimd planes of the multi- 
layered substrate. Continuity in the transmission paths can be maintained by maintaining 
constant characteristic impedance for each segment of the microstrips, inter-layer connections 
and extemal terminals. 

[018] 

[019] BRIEF DESCRIPTION OF THE DRAWINGS 

[020] Figure 1 illustrates a simplified diagram for an exemplary conventional high- 

speed and high I/O coimt device package. 

[021] Figure 2 is a simplified diagram of a package in accordance with one embodiment 

of the present invention. 

[022] Figure 3 (a) illustrates a simplified diagram of a partial view of an exemplary 

single-layer substrate with transmission lines for a high-speed integrated circuit. 
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[023] Figure 3 (b) illustrates a simplified diagram of an exemplary partial view of a 

single-layer substrate with transmission lines 310, 315 and signal pads 320, 325 in accordance 
with one embodiment of the present invention. 

[024] Figure 4 illustrates a simplified diagram of an exemplary cross-coupled 

differential signal strips in accordance with one embodiment of the present invention. 

[025] Figure 5 illustrates an exemplary equivalent circuit diagram of an all-pass CLC 

networlc. 

[026] Figure 6 illustrates a simplified diagram of an exemplary pair of differential 

signals in accordance with one embodiment of the present invention. 

[027] Figure 7 illustrates a simplified diagram of an exemplary multi-layer package in 

accordance with one embodiment of the present invention. 

[028] Figure 8 illustrates a simplified cross-sectional diagram of an exemplary 

microstrip on the substrate at the end adjacent the IC in accordance with one aspect of the 
present invention. 

[029] Figure 9 (a) illustrates a simplified diagram of an exemplary ground connection 

transitioning fi-om one layer to another layer in accordance with one embodiment of the present 
invention. 

[030] Figure 9 (b) illustrates a simplified diagram of an exemplary via connection for 

ground connectors from two layers. 

[031] Figure 10 (a) illustrates a simplified diagram of an exemplary microstrip being 

connected to a BGA ball. Figure 10 (b) illustrates a simplified cross-sectional view of an 
exemplary stripline along an axis A- A' of Figure 10(a) in accordance with one embodiment of 
the present invention. Figure 10 (c) illustrates a distance "dio" between two via connections. 
Figure 10 (d) illustrates a distance "du" between the edges of a via connection and of a stripline 
and a distance "d^" between the edges of a via connection and of a stripline. Figure 10 (e) 
illustrates a distance "du" between the edges of two ground planes. 

[032] Figure 11 illustrates a layout for a top layer of an exemplary connection package 

with BGA and coaxial connectors for an OC-768 multiplexor device in accordance with one 
embodiment of the present invention. 
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[033] Figures 12 (a) - (q) illustrate an exemplary routing of a pair of clock signals 

through the multi-layered substrate in accordance with one embodiment of the present invention. 

[034] DETAILED DESCRIPTION OF THE INVENTION 

[035] The present invention provides a connection package for connecting high-speed 



integrated circuit signals to their external terminals. The package in accordance M^ith the present 
invention enables the routing of high speed signals using transmission lines from signal pads on 
integrated circuits to various connectors, including, without limitation, coaxial connectors, BGA 
connectors, or other surface mount connectors. The design of transmission lines in accordance 
with the present invention provides necessary dimensional transformation while at the same time 
maintaining constant characteristic impedance. In the following detailed description, numerous 
specific details are set forth to provide a full understanding of the present invention. It will be 

'■J obvious, however, to one ordinarily skilled in the art that the present invention may be practiced 
without some of these specific details. In other instances, well-known structures and techniques 

S have not been shown in detail so as to avoid unnecessarily obscuring the present invention. 

I J [036] Figure 2 is a simplified diagram of a package (without showing its top cover) in 

""^^ accordance with one embodiment of the present invention. A package 250 includes a substrate 
253, an integrated circuit 254, and external connectors. The external connectors may include 
high-speed connectors 251 that are coaxial connectors (e.g., GPPO, GPO, K-type, V-type, 
¥^ 2.4mm, SMA, SMB) and lower speed connectors 252 (e.g., 50 ohm feed-throughs). The 
Zl substrate 253 may include a single layer or multiple layers. A package may include one ore 
more ICs. 

[037] Figure 3 (a) illustrates a simplified diagram of a partial view of an exemplary 

single-layer substrate with transmission lines for a high-speed integrated circuit. The high-speed 
integrated circuit ("IC") 200 is positioned in recess 202 formed typically toward the center of 
substrate 201. The IC 200 has signal pads 220, 225 at its outer edges. Transmission lines, e.g., 
microstrips 210, 215, are formed to receive bonding wires from signal pads 220, 225 for 
transmission to external terminals 230, 235. The microstrips 210, 214 are typically identical in 
size and shape at the inner edges of the substrate 201 near the signal pads 220, 225 (e.g., area 
213). For a high-speed signal connected through a GPPO connector, its width at the connector 
end of 230, 235 should preferably match the width of the conductor core diameter of the GPPO 
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connectors 231, 236. However, such width, at the IC end, will encroach on neighboring 
transmission lines, thus limiting the number of transmission lines that can support the signal pads 
from the IC. However, simply narrowing the width of the transmission line at the IC end will 
cause impedance discontinuity for the overall transmission path, since a reduction in width 
results in reduced capacitance to ground, which increases the transmission line's characteristic 
impedance based on the equation: Z = 7 / vC, where Z is impedance, v is velocity of the signals 
and C is the capacitance per imit length. To maintain impedance continuity for a typical 50-ohm 
transmission line, the capacitance must be compensated by some other means. In accordance 
with one embodiment of the present invention, the thickness of the substrate 201 is substantially 
identical to the width of the dielectric "ring" portion of the cylindrical GPPO connectors 231, 
236. This provides a smooth transition between the ground plane at the bottom of the substrate 
and the groimd connection located at the outer cylinder portion of the GPPO connectors. It 

f J should be noted that the term "microstrip," "transmission line," "stripeline," or the like is used to 
describe or claim either a signal path or a power or ground path. It may have various shapes, 

vjl including, without limitation, lines or no particular patterns (e.g., Figures 12(d), (h)). 

fiJ [038] Figure 3 (b) illustrates a simplified diagram of an exemplary partial view of a 

^ single-layer substrate with transmission lines 3 10, 3 15 and signal pads 320, 325 in accordance 
s with one embodiment of the present invention. As can be appreciated by those skilled in the art, 
U for high-speed integrated circuits, many high-speed signals are implemented as differential lines, 
ft i.e., a signal and its complement. For an exemplary high-speed demux, input data and clock 
p signals may be preferably implemented as differential signals data/datan and clock/clockn, 
respectively. For an exemplary high-speed mux, output data and clock signals may be 
implemented as differential signals, as well. The width of each of the transmission lines 310, 
315 may match the width of the corresponding signal pads 320, 325 in accordance with one 
embodiment of the present invention. 

[039] In accordance with one embodiment of the present invention, when high-speed 

signals are implemented as differential signal lines, a virtual groxmd is created between the 
differential signals, as shown in Figure 4 (a). A virtual ground plane 420 is created in the middle, 
since the signals on microstrips 410 and 415 on both sides of virtual ground plane 420 are equal 
in magnitude but opposite in polarity. Plane 420 is a vertical dissecting plane. The distance (dl) 
between microstrip 410 and the virtual ground 420 and the distance (d2) between microstrip 415 
and the virtual ground are equal all along the length of the microstrips 410 and 415. Therefore 



Atty Docket No.: SMI-P004 



8 



SMI CONFroENTUL 



Express Mail Ubel No.:ET573210785US 

by the principle of symmetry plane 420 will necessarily be at groxmd potential hence a virtual 
ground. Bringing the lines closer together increases the capacitance of each line to the virtual 
ground plane. Because of this added capacitance, the width of the signal lines can thus be 
reduced while maintaining the signal lines' constant characteristic impedance, Microstrip 410 
for clocks for example, is positioned closer to microstrip 415 for clockn, so that microstrips 410 
and 415 pick up capacitance to the virtual gro\md plane. Such capacitance can compensate the 
loss in capacitance to the bottom ground plane due to reduced line width thus resulting in 
unchanged characteristic impedance for each signal line. An equivalent circuit of the diagram of 
Figure 4 (a) is shown in Figure 4 (b). Here, the overall capacitance, C, of each signal line to 
ground can be expressed as C = CI + C2. Therefore, the reduction in capacitance CI due to the 
narrowed microstrip width can be compensated by the increase in capacitance C2 to the virtual 
ground when the differential lines are brought closer together. The dependence of C2 on the 

...^ separation between 410 and 415 becomes apparent from the following: C2=2 x C3 where C3 is 

C the coupling capacitance between the differential lines 410 and 415. 

J [040] It should be pointed out that for a given characteristic impedance, the width and 

f\j separation of the differential microstrips also depend on, among others, the following factors: 
fz the dielectric constant of the material and thickness of the substrate. Table 1 illustrates various 
£ exemplary width and line spacing combinations for microstrips in high-speed applications on an 

Li- 

r~ Alumina substrate, where the thickness is the thickness of the substrate, width is the width of 
f1 J each of the microstrips, and spacing is the spacing between the microstrips. For example, if the 
spacing is brought down to 3 mils, the width of each of the microstrips can be reduced to about 3 
t^^ mils. 



Impedance 


50 


50 


50 


50 


50 


50 


50 


50 


Thickness 


10 


10 


10 


10 


10 


10 


10 


10 


Width 


9.7 


9.3 


8.4 


6.8 


4.5 


3.0 


2.1 


1.1 


Spacing 


80 


50 


20 


10 


5 


3 


2 


1 



Table 1 Parameters for SOohm coupled microstrip on Alumina (impedance in ohms, 
dimensions in mils) 

[041] As illustrated by the table, the closer the microstrips are positioned, the narrower 

they can be. Also, only a partial length of the differential microstrips from the IC end are tightly 
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coupled, while the rest of the microstrips can fan out to their desired width, as spacing becomes 
more available toward the outer edges of the substrate. For example as spacing grows beyond 20 
mils, the line width ceases to grow appreciably. Of course, the precise placement and width of 
microstrips can be implemented by computer-aided design tools, one of which is a microwave 
design software Agilent EEsof ADS available from Agilent, 395 Page Mill Rd., Palo Alto, CA 
94303. Reducing the width and spacing of the microstrips at the inner edges of the substrate near 
an IC will reduce the width and spacing of the signal pads on the IC, allowing more I/O pads to 
be placed on a die. For example, if the microstrips are 2 mils in width and 2 mils in spacing, the 
signal pads can also be 3 mils in width and 1 mil in spacing. 

[042] While the microstrips of the differential signals can be narrowed by the capacitive 

coupling effect, the overall impedance of the whole transmission path must be maintained and 
continued, even after bonding wires are attached between the signal pads and the microstrips. As 
O shown in Figure 5, an exemplary transmission path from the signal pad, through the bonding 
Jl wires, to the microstrip needs to be an all-pass network, or commonly called a "CLC network," 

where the pad has a capacitance of Cp, the bonding wires have an inductance of Lb and the 
Hi microstrip has a capacitance of Cg. The bonding wires can be one or more wires per pad, and 
^t; they may be ribbon bonds. Having multiple wires per pad or ribbon bonds may reduce 
5i inductance. 

K [043] As can be appreciated by those skilled in the art, for a CLC network, the 

l2 impedance is determined by: Z = (L/C), where C = Cp + Cg. To maintain the characteristic 
CJ impedance Z at, say, 50 ohm, as is the case for a high-speed transmission path, with L = 0.170 
nH contributed from the bonding wires, the value of C needs to be around 70 fF. If the 
capacitance Cp from the signal pad is about 35 fF, Cs from the microstrip needs to be 35 fF. To 
achieve such additional required capacitance, or any required value imder different 
circumstances, the width of a portion 610, 615 of the microstrips can be increased, as shown in 
Figure 6, to achieve the desired effective value of 35 fF. The widened portion 610, 615 is 
located near the signal pads 600, 605 in an area that receives the bonding wires. The size and 
shape of the portion 610, 615 are typically identical. The precise amount of widening, as well as 
its extent lengthwise, can be readily computed using the aforementioned microwave design tool. 
In Figure 6, while the portion 610, 615 is rectangularly shaped, it is not limited to that shape and 
may have other shapes. Also, while portion 610, 516 is symmetrically situated along each of the 
microstrips, it may not be symmetrical in other embodiments. 
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[044] Therefore, a single-layer substrate connection package for a high speed IC has 

been disclosed. The microstrips for the differential signals are positioned closer such that a 
portion of the microstrips becomes capacitively coupled. Such coupled capacitance allows the 
width of the differential microstrips to be reduced so that they can readily accommodate the 
spacing requirements imposed by the signal pads on the IC. Further, to achieve impedance 
continuity, a portion of the coupled microstrips near the die is widened to increase the 
capacitance so that the overall transmission path can become an all-pass network - from the 
signal pad, through the bonding wires, to the microstrip. For the rest of the portions of the 
microstrips, they can be tapered and fan out to their respective external connectors. 

[045] While packages using single-layer substrates are more economical and can 

achieve faster turnaround time, those using multiple-layer substrates have become popular 
because they are more amenable to PWB mounting for high speed optical/electronic and 
wired/wireless applications, as well as take up much less physical dimension in comparison with 
a single layer 2-dimensional only package. In the backgroimd description, the tasks of achieving 
dimensional transformation and maintaining constant characteristic impedance also challenge 
those designing connection packages with multi-layer substrates for high-speed ICs. In the 
following description, a novel connection package will be described for routing high-speed 
signals using transmission lines from the signal pads on the IC to the BGA balls, as well as to 
coaxial connectors mounted on the side of such BGA package. Preferably, signals aroxmd or 
below the 2.5 Gbps range are routed to the BGA balls, while signals in the range of 40 Gbps are 
routed to the coaxial connectors on the side of the package. This is done because coaxial 
connectors provide better controlled-impedance connections than the balls and because the 
routing to connectors has less impedance discontinuities, which tend to distort high frequency 
signals. 

[046] Figure 7 shows a simplified side view diagram of an exemplary multi-layer 

package in accordance with one embodiment of the present invention. A package 745 may 
include one or more ICs (not shown), a multi-layer (not shown) substrate 740, high speed 
connectors 741, 742, e.g., coaxial connectors such as GPPO, GPO, etc., and low-speed 
connectors 743, e.g., BGA, surface mount pins, etc. In another embodiment, the package 740 
may be a single-layer substrate. In Figure 7, while the high-speed connectors are located at the 
side of the package 745, they may be located at other locations of the package 745 in other 
embodiments. Also, while the low speed connectors 743 are located at the bottom of the 
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package 745 in Figure 7, they may be located at other locations of the package 745 in other 
embodiments. 

[047] As is well known in the art, a multi-layer ceramic substrate is typically formed by 

laminating multiple layers of ceramic dielectric materials together. A thin metal layer is 
typically sandwiched in between two dielectric layers patterned to form the connection or routing 
circuit, where the pattern is either photo-lithographically defined or silk-screened onto the 
dielectric layer. In one embodiment, each single dielectric layer has a thickness of about 4.4 mils 
and two layers are used to achieve an overall thickness of about 8.8 mils. Groxmd connections 
can be formed at the top surface of the substrate, in-between layers, or at the bottom surface of 
the substrate. To form a multi-layer substrate, all the layers, after having metal pattems applied 
onto them, are laminated together by pressing in a hydraulic pressure chamber. Then it is co- 
fired in a fiimace to eventually form a monolithic sheet of substrate. Currently, there are process 
CS for low-temperature co-fired ceramics ("LTCC") and high-temperature co-fired ceramics 
,11 ("HTCC"). The monolithic sheet, typically 6-inch by 6-inch in dimension, can then be cut into 

jjf individual packages for die attachment. In contrast, a conventional printed circuit board ("PCB") 

f J. 

pj has multiple layers, which are laminated together after the metal connection pattems are defined 

by chemical etching of each layer. The resolution of connection lines that can be achieved by a 
s conventional PCB is generally too coarse for the fine line geometry required for bonding to 

tightly spaced pads in high I/O coimt integrated circuits. Therefore, a multiple-layer substrate 
Hi can facilitate different groxmd planes to be designed, allowing different thicknesses for the 
f J: dielectric materials under the transmission lines. For a high speed, high I/O count device, e.g., a 

multiplexor for OC-768 applications, there may be as many as 17 layers in a multi-layered 

substrate (an example is to be shown in connection with Figure 12) 

[048] Figure 8 illustrates a simplified cross-sectional view of an exemplary microstrip 

700 on the substrate, as viewed fi"om the IC, in accordance with one aspect of the present 
invention. Microstrip 700 is a transmission line and strips 710, 720 are co-planar ground 
connections. At this end, the width of the microstrips is limited due to the density of signal lines, 
as in the case of the aforementioned single-layer substrate. Therefore, the groimd plane is 
preferably placed as close to the microstrip 700 as possible so that the width can be narrowed. 
For a multiple-layer substrate, the closest ground plane can be implemented at the bottom of the 
top layer. To achieve the required capacitance, the microstrip 700 and its co-planar ground strips 
710, 720 are closely positioned so that they become capacitively coupled. The effective 
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capacitance thus becomes C = CI + 2 x C2, where CI is the capacitance between microstrip 700 
and ground plane at the bottom of the substrate and C2 is the capacitance between microstrip 700 
and one of the co-planar groxmd strips 710, 720. C2 plays the same role as in Figure 4(b) 
allowing the width of line 700 to be minimized to accommodate dense IC pads placement. 

|049] At the other end of microstrip 700, however, more width of microstrip 700 is 

required to match with the diameter of a coax connector signal pin. Unfortunately the line 
widening tends to increase the capacitance to ground. Therefore in order to maintain constant 
impedance as before, the ground plane has to be brought further down to lower layers of the 
substrate as the signal line is widened. Simultaneous line widening and ground plane lowering 
keep the capacitance of the signal line constant. Consequently constant characteristic impedance 
is maintained. If two layers are used, then the ground plane at the connector's end can be at the 
bottom of the second layer. In short, a multiple-layer substrate allows transition in ground 
planes. Signal line widening in conjunction with such ground plane transition makes it possible 
to achieve dimensional transformation while maintaining constant signal line characteristic 
impedance. 

1050] Figure 9 (a) illustrates a simplified diagram of an exemplary ground connection 

transitioning from one layer to another layer in accordance with one embodiment of the present 
invention. From the IC's end, the ground plane 810 is in-between the first layer 801 and the 
second layer 802. At the external connector's end, the groxmd plane 830 is at the bottom of the 
second layer 802. A via connection 815 is made to connect groxmd 810 to groxmd 830 through 
the second layer 802. Such transition is an abrupt transition, which is normally xmdesirable for 
high-speed application. To avoid creating a discontinuity at this jxmction, at least one of the 
ground via connections is being placed directly xmdemeath the signal microstrip 820 (as further 
shown in Figure 9 (b)), so that the return groxmd cxirrent will not take a circuitous path. The 
microstrip 820 may carry a high-speed signal to be connected to a coaxial connector, or a lower 
speed signal to be connected to the external lead terminal. If the dimensions of the connector 
pin and the dielectric ring require three or more layers of separation between 820 and 830, the 
ground plane transition and line widening process can be repeated. 

[051] Figure 9 (b) illustrates a simplified diagram of an exemplary via connection for 

groxmd connectors of a multi-layer substrate. Microstrip 910, which may be a high-speed signal 
or a lower-speed signal, is formed on top of first layer 915 of dielectric material for transmission. 
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First ground plane connection 930, which is formed on top of second layer 920 but below first 
layer 915, is closer to microstrip 910 than a second ground plane connection 950 is to microstrip 
910, thus allowing microstrip 910 to have smaller geometry while it is located above the first 
ground connection 930. Via connection 940 provides an abrupt transition fi-om first ground 
plane connection 930 to second ground plane connection 950. Second groimd plane connection 
950 is formed at the bottom of second layer 920, thus providing a thicker dielectric material 
underneath microstrip 910. 

[052] As can be appreciated by those skilled in the art, because of the different distances 

(i.e., thickness) between ground connections 930, 950, and microstrip 910, the width of 
microstrip 910 needs to be widened to maintain a constant impedance structure, i.e., tapering out 
as the ground plane is fiirther away. Such tapering out of microstrip width, fi-om the IC's end to 
the connector's end, makes dimensional transformation more achievable and with better results. 

O The second drawing in Figure 9(b) shows a top-down view of an exemplary tapering structure of 
microstrip 910. Microstrip 910 is narrow over the groimd plane connection 930 and wider over 
the groimd plane connection 950, The tapering occurs over the via connection 940. Although a 

nj substrate of only two layers is illustrated, it should be apparent to those skilled in the art that 
additional layers may be implemented to take advantage of the variable ground plane approach. 

s: While Figures 9 (a) and 9 (b) have been illustrated using ground plane connections, similar 

rr illustrations can be shown using power plane connections if the signal ground has non-zero DC 

flf potential. 

p [053] Figure 10 (a) illustrates a simplified diagram of an exemplary microstrip being 

connected to a BGA ball in a multi-layered substrate. For a BGA package, microstrip 1000 is 
routed from the IC's end to an external BGA ball 1050 at the bottom of the package. Microstrip 
1000 is routed to coaxial coimector 1030, and then to internal stripline 1035, which is further 
routed to coaxial connector 1040 and then to BGA ball contact 1050. The "vertical" or z-axis, 
connectors 1030, 1040 are considered "coaxial" because they are essentially a high speed signal 
line in the form of metal vias going through the center of a generally cylindrical tube of dielectric 
material surroxmded by "washer-like" groimd plane openings on each layer as the layers are 
stacked up. 

[054] In addition to wire or ribbon bond connections, the single-layer or multiple-layer 

approach can also be applicable to other connections to the IC with high I/O count, such as flip 
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chip connections. For flip chip connections, signal pads are directly connected to the microstrip 
by flipping the IC over and positioning it above the strip for connection by solder balls. 

[055] Referring to Figure 10 (a) and (b), first ground connection 1060 may be formed at 

one layer and connected to ground connection 1080 at the bottom of the package through via 
connection 1070 to provide groxmd for BGA contact 1050. Another ground connection 1010 
may be routed to ground connection 1020 at another layer through via connection 1015. This 
ground connection 1020 may further be routed to the bottom layer to provide a ground for BGA 
contact 1050. Other ground connections may be routed through via connections (shown in 
dashed lines in Figure 10 (a)) surrounding internal stripline 1035, also shown in Figure 10 (b). 
The signal stripline (e.g., 1035) is surrounded by two ground planes (e.g., 1020, 1080) above 
and below. The two ground planes are connected to each other by vias (e.g., 1022, 1024) as 
shown in Figure 10 (a) and (b). The spacing (e.g., dlO, which is the distance between a center of 
a via and a center of another via as shown in Figure 10 (c)) of the vias along the direction of 
signal flow should be a fraction (e.g., 1/10) of the wavelength of the highest frequency signal 
that goes through the stripline. The spacing (e.g., dl 1, dl2, which is the distance between an 
edge of a via and an edge of a stripline as shown in Figure 10 (d).) between a via (e.g., 1022, 
1024) and the signal line (e.g., 1035) should be about half of the separation (e.g., dl3, which is 
the distance between edges of two ground planes as shown in Figure 10 (e)) between the two 
ground planes. It should be noted that for a multi-layered substrate, a conduction path for either 
the signal or the ground connection may be achieved by successive horizontal and vertical 
connections, as required by the design. 

[056] Exemplary paths for a lower speed differential signal (e.g., 2.5 GHz) may be 

described as follows. A lower speed differential signal, which is not routed to GPPO connectors, 
may begin as a differentially coupled microstrip pair as described previously in Table 1. As it 
moves away from the IC's end, the two lines in the pair begin to taper out and capacitively 
decouple from each other. They separate into two single-ended microstrips. To bring each one 
of the decoupled microstrip toward the BGA connector at the bottom of the package, it is routed 
to lower layers through a combination of vertical coaxial connectors and horizontal intemal 
striplines. Finally, it reaches its designated BGA connector location through a last coaxial 
connector. 

[057] As with the aforementioned single-layer connection package, the connection 
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package with multi-layer substrates should also address its characteristic impedance. That is, the 
impedance of a whole signal line structure from the IC end to either the BGA ball, or the GPPO 
connector, should be preferably of given impedance, e.g., 50 ohms. In the case of a high- 
frequency signal to GPPO, the signal line is kept simple by having only one coupled microstrip 
for a single-layer package, or one tapered co-planar line for a multi-layer package in accordance 
with exemplary embodiments of the present invention. For the high-frequency signals, it is 
desirable to keep the signal line simple because transitions between different types of 50-ohm 
lines create discontinuities. Discontinuities create problems that are more serious for high 
frequencies than for low frequencies. Also, GPPO is used for high frequency signals because the 
BGA balls are themselves a discontinuity. The discontinuity created at the transition between 
the signal line on the substrate and the GPPO connector is mitigated by matching the line width 
of the signal line and the dielectric thickness of the substrate. There is another discontinuity at 
the pad/wire bond. A CLC network (as described with reference to Figure 5) can be used to 
mitigate that discontinuity, for both single- and the multi- layer packages. 

[058] In the case of low frequencies, e.g., 2.5 Gbps, using GPPO connectors may not be 

as practical because there are too many low frequency signals. In accordance with one 
embodiment of the present invention, BGA balls can be used, which are less expensive and 
packed more densely. To route to the BGA balls, the signal path has to transition from 
microstrips to internal "coaxial" connectors to striplines to other intemal "coaxial" connectors 
and finally to balls. Each of the lines (i.e., microstrips, coaxial connectors, and striplines) is 
designed as a 50-ohm line. The design is done by controlling the width of the line and its 
distance to the ground plane so that the capacitance to ground is what is needed to obtain 50 
ohms (based on Z=l/Cv, where C is capacitance and v is voltage). The discontinuities created in 
the transitions from one line to another are more tolerable for low frequencies. To minimize the 
effect of discontinuity of the ball, lines are narrowed on the PWB as a way to "tune out" the 
discontinuity. 

[059] In the case of the very low frequency signals such as the control signals (typically 

at 10 Mbps), the lines can be routed without as much regard to their impedances. 

[060] Figure 11 illustrates an exemplary top layer for a connection package with BGA 

and GPPO connectors for an OC-768 multiplexor device in accordance with one embodiment of 
the present invention. Microstrips 1 100, 1 105 are for 40-GHz high-speed signals such as data 



Atty Docket No.: SMI-P004 



16 



SMI CONFIDENTIAL 



Express Ma.l Label No ET573210785US 



^ a TtPPO connectors, mounted on the side 

of device. The m,crosmps 1 100 1105 .^^ 
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signals 121, 122, which are extending further down to the lower layers (moving in the z-axis 
direction). Signals 121, 122 are surrounded by dielectric material within a circle (e.g., 129, 130). 
Groimd plane 125, which connects to Layer 1 through numerous via connections, surrounds the 
circles. 

[066] Figures 12 (c), (d), (e), (f) continue to illustrate Layers 3, 4, 5, 6, where signals 

121, 122 continue to be routed through what has become a "coaxial" connector - conducting via 
in the middle, surrounded by dielectric material within a circle and boxmded by ground planes' 
circular openings. The ratio of the diameter of the via for the signal to the diameter of the 
ground opening follows the formula for coaxial cables: Z= 60 log (b/a) / [r| x e] where "Z" is 
the desired impedance, "b" is the diameter of the opening, "a" is the diameter of the via, "e" is 
the dielectric constant of the dielectric layer, and "r|" is the efficiency of the capacitance between 
the ground openings to the center via as compared to that in a real coax cable of the same 
^ dimensions. "r|" of course depends on layer thickness, "e" and "b". It is typically in the order of 
^JJ 80%. Note that ground plane 125 has taken on different patterns from layer to layer. The pattem 
p of the groxmd plane (except for the diameter of the openings) does not affect the impedance 
'^'f calculation described above, as most of the capacitance is between the edge of the opening and 
SM the center via for signal. 

[067] In Figures 12 (g) and (h), while signal 121 continues in a coaxial manner, signal 

L . 122 is routed as internal stripline (traveling in the x-y plane) to another location, where it further 
1^^ continues as coaxial transmission line. Signals 121, 122 become striplines at different layers in 
£1 order to facilitate routing and to keep their end-to-end electrical lengths the same. 

[068] In Figures 12 (i), (j), (k), (1), signal 121 remains a coaxial transmission and signal 

122 begins another coaxial transmission at a different location. Note that ground 125 is now 
patterned to surround the relocated signal 122 so that its coaxial transmission is continued. 

[069] In Figures 12 (m), (n), (o) and (p), signal 121 becomes internal stripline to be 

relocated further out from its original location, while signal 122 continues its coaxial 
transmission downward. Note that for coaxial transmission, signal 121 becomes encircled by 
dielectric material, with ground plane formed outside the circle. In Figure 12 (q), signals 121, 
122 terminate as contact points in an array of contacts, which will be connected to BGA solder 
balls through a reflow process. 
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[070] While the present invention has been particularly described with reference to the 

various figures and embodiments, it should be understood that these are for illustration purposes 
only and should not be taken as limiting the scope of the invention. There may be many other 
ways to implement the invention. Many changes and modifications may be made to the 
invention, by one having ordinary skill in the art, without departing fi-om the spirit and scope of 
the invention. For example, while references are made to the fi-equency range applicable to OC- 
768 optical transmission, the invention is not limited to OC-768/STM-256 transmission, and it 
may be utilized for fi-equencies below or above the fi-equency range of OC-768/STM-256 
transmission. While BGA connectors are described for lower speed signal connection, the 
invention may utilize other low speed connectors including, without limitation, pin grid array 
("PGA") connectors, and other surface mount connectors. For high-speed connectors, besides 
GPPO, other coaxial connectors may be used including, without limitation, GPO, K-type, V- 
f % type, 2.4mm, SMA, and SMB. The present invention may utilize various substrate types. For 
C example, for a single-layer substrate, a dielectric material such as a ceramic substrate including, 
S without limitation. Alumina, Berylia, and glass may be employed. A multi-layer substrate may 
use a dielectric material including, without limitation, various HTCC (high temperature co-fired 
j; ceramic) materials and LTCC (low temperature co-fired ceramic) materials. While the invention 
^ is not limited to a particular size of a substrate, a single-layer substrate may be typically 2 inches 
K X 2 inches x 10 mils in size, and a multi-layer substrate may be typically 1 inch x 1 inch x 100 
p I mils in size. It should be also noted that the invention may be utilized in wired or wireless 
B apphcations. 
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